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The gut mucosal epithelium separates the host from
the microbiota, but enteropathogens such as Salmo-
nella Typhimurium (S.Tm) can invade and breach this
barrier. Defenses against such acute insults remain
incompletely understood. Using a murine model of
Salmonella enterocolitis, we analyzed mechanisms
limiting pathogen loads in the epithelium during early
infection. Although the epithelium-invading S.Tm
replicate initially, this intraepithelial replicative niche
is restricted by expulsion of infected enterocytes
into the lumen. This mechanism is compromised if
inflammasome components (NAIP1-6, NLRC4, cas-
pase-1/-11) are deleted, or ablated specifically in
the epithelium, resulting in 100-fold higher intrae-
pithelial loads and accelerated lymph node coloni-
zation. Interestingly, the cytokines downstream of
inflammasome activation, interleukin (IL)-1a/b and
IL-18, appear dispensable for epithelial restriction
of early infection. These data establish the role of
an epithelium-intrinsic inflammasome, which drives
expulsion of infected cells to restrict the pathogen’s
intraepithelial proliferation. This may represent a
general defense mechanism against mucosal infec-
tions.
INTRODUCTION
The intestinal mucosa comprises a single-layered columnar
epithelium and an underlying lamina propria compartment with
resident immune cells. The epithelium negotiates essential roles
in fluid and nutrient uptake with the requirement to act as a phys-
ical barrier between the densemicrobial community of the lumen
and the sterile systemic milieu. Mechanisms used to maintain
this barrier include stringent control over cell-cell junctions
and fine-tuned replacement of aged epithelial cells, which is
augmented during inflammatory conditions (Koch and Nusrat,
2012). Still, how the epithelium fends for its integrity during acute
onslaught of pathogens remains poorly understood.Cell HosSalmonella enterica serovar Typhimurium (hereafter denoted
S.Tm) is a prevalent foodborne pathogen that causes enteric dis-
ease in diverse animals including humans. S.Tm uses flagellar
motility and a type-III secretion system (TTSS-1) encoded on
Salmonella pathogenicity island-1 (SPI-1) to reach and invade
into epithelial cells. Expression of a second TTSS encoded on
SPI-2 enables S.Tm to shape the intracellular niche and survive
within phagocytes during later stages of infection (Figueira and
Holden, 2012; Kaiser et al., 2012; Misselwitz et al., 2012; Vaz-
quez-Torres et al., 2000).
Enteric salmonellosis has traditionally been studied using
ligated bovine or rabbit intestinal loops (Wallis and Galyov,
2000). More recently, the streptomycin (sm)-pretreated mouse
model for Salmonella diarrhea has been developed (Barthel
et al., 2003). This model provides a robust means to study path-
ogen-host interplay during enteric disease in genetically trac-
table animals. The inflammation that develops in the cecum
and proximal colon of sm-pretreated mice recapitulates most
features of Salmonella enterocolitis seen in cattle and humans
(Boyd, 1985; Kaiser et al., 2012; Zhang et al., 2003). Both S.Tm
invasion into enterocytes and elicitation of acute intestinal
inflammation depend on motility and TTSS-1 effector secretion
(Hapfelmeier et al., 2004; Stecher et al., 2004, 2008), whereas
TTSS-2 contributes to disease persistence, epithelium traversal,
colonization of lamina propria phagocytes, and systemic spread
(Coburn et al., 2005; Hapfelmeier et al., 2005; Mu¨ller et al., 2012).
Nod-like receptors (NLRs) comprise a group of cytosolic
pattern-recognition receptors that have gained considerable
recent attention. In macrophages and cotransfection studies, a
subset of NLRs including NLRP3 and NLRC4, form inflamma-
some platforms for activation of caspase-1, downstream pro-
cessing of interleukin-1 family cytokines, and/or pyroptotic cell
death (Broz and Monack, 2011; LaRock and Cookson, 2013).
The NLRC4 inflammasome can respond to several components
present on gram-negative bacteria, such as S.Tm. Ligand spec-
ificity is conferred by a panel of NAIP proteins, NAIP1, 2, 5, and 6,
which link sensing of structural components of the TTSS appa-
ratus (needle and rod proteins) and flagella to NLRC4 inflamma-
some activation (Kofoed and Vance, 2011; Rayamajhi et al.,
2013; Yang et al., 2013; Zhao et al., 2011).
Several studies addressed the role of caspase-1 upon oral
S.Tm infection in mice, revealing a protective role against trans-
location of bacteria to systemic organs and subsequent lethalityt & Microbe 16, 237–248, August 13, 2014 ª2014 Elsevier Inc. 237
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Raupach et al., 2006). Both NLRC4 and NLRP3 contribute to
this phenotype (Broz et al., 2010), although interpretation of
these data are partially complicated by the recent realization
that commonly used ‘‘Casp-1/’’ mice are also deficient for
caspase-11 (Kayagaki et al., 2011). In the sm-pretreated mouse
model, NLRC4 and/or caspase-1/-11 have been linked to
mucosal pathology, protection against systemic S.Tm dissemi-
nation and lethality, although with notable differences between
mouse backgrounds, the pathogen strain used and the precise
infection protocol used (Carvalho et al., 2012; Franchi et al.,
2012; Lai et al., 2013; Lara-Tejero et al., 2006; Mu¨ller et al.,
2009). In either case, these prior studies have focused on cyto-
kine production by lamina propria phagocytes (Franchi et al.,
2012), or analyzed later stages of infection whenmucosal inflam-
mation has persisted for a day or more (i.e., 2–5 days postinfec-
tion [p.i.]; Carvalho et al., 2012; Lai et al., 2013; Lara-Tejero et al.,
2006; Mu¨ller et al., 2009). Consequently, a potential involvement
of inflammasome responses during the first phase of the infec-
tion, when S.Tm interacts with naive intestinal epithelial cells,
awaits elucidation. Furthermore, it remains to be established
whether NAIP/NLRC4/caspase-1-dependent responses in cell
types other than phagocytes contribute to defense against
S.Tm in vivo.
In this work, we used the murine Salmonella diarrhea model
and microscopy-based approaches to systematically unravel
consecutive early steps in S.Tm interaction with the intestinal
epithelium and the host responses that ensue. Our results delin-
eate how the intraepithelial S.Tm population expands through a
combination of de novo invasion and intraepithelial replication,
and uncovers an epithelium-intrinsic defense axis whereby
NAIP(s) and the NLRC4 inflammasome promote removal of
epithelial cells compromised by pathogen invasion.
RESULTS
The Initial Increase in Intraepithelial S.Tm Load,
Driven byDeNovo Invasion and SubsequentReplication,
Is Halted
We analyzed the early steps of S.Tm mucosa infection in the
streptomycin mouse model (Barthel et al., 2003). C57BL/6
mice (WT) were infected with S.Tm carrying pM975, a reporter
expressing long-lived GFP from a SPI-2 promoter once the path-
ogen has invaded host cells (pssaG-GFPmut2; Hapfelmeier
et al., 2005; 5 3107 colony-forming units [CFU] by gavage).
The cecal lumen was fully colonized by 2–6 hr p.i. (108–109
CFUs/g at 6 hr; Figure S1A available online), mucosal inflamma-
tion was mounted 8–12 hr p.i. (full-blown state at 18–36 hr p.i.;
Figures S1B–S1D), and progressive S.Tm dissemination to local
lymph nodes was noted from 12 hr p.i. (Figure S1E).
Fluorescence microscopy detected tissue-lodged S.Tm (ex-
press GFP; hereafter denoted S.Tm-G+) in the epithelium and
lamina propria as early as 6 hr p.i., followed by a rapid increase
in the intraepithelial S.Tm-G+ load between 6- and 8 hr p.i. (Fig-
ure 1A and S1F; confirmatory data by anti-LPS staining, see Fig-
ure S1G). Surprisingly, although the lumenal population stayed
high enough to support continued tissue invasion (Figure S1A),
no significant increase was observed thereafter, and from
12 hr p.i., the intraepithelial load in fact trended downward again238 Cell Host & Microbe 16, 237–248, August 13, 2014 ª2014 Elsevi(Figure 1A). S.Tm can exit the epithelium on the basolateral side
followed by uptake into phagocytes (Mu¨ller et al., 2012). How-
ever, parallel enumeration of S.Tm-G+ in the lamina propria
suggested that basolateral exit is insufficient to account for the
restriction of intraepithelial S.Tm load at >8 hr p.i. (compare
data in Figures 1A and 1B). Hence, S.Tm infection results in an
initial fast increase in intraepithelial S.Tm load, subsequently
restricted by poorly defined mechanism(s).
High-resolution imaging revealed that at early time points (i.e.,
6–8 hr p.i.) most invasion foci harbored one to two S.Tm-G+.
Strikingly, by 12 hr p.i., numerous enterocytes contained up to
20 densely packed bacteria (Figures 1C, 1D, and S1H; here
termed ‘‘microcolonies’’), predominantly occupying the supra-
nuclear region (Figure S1I). No further increase in microcolony
sizewas observed >12 hr p.i., and at 36 hr p.i., invasion foci again
predominantly harbored only one to two bacteria (Figure 1D).
Microcolonies could emerge either by cooperative invasion of
several S.Tm into the same cell or by intraepithelial replication
(e.g., Bakowski et al., 2008; Lorkowski et al., 2014; Malik-Kale
et al., 2012; Misselwitz et al., 2012). To resolve this issue in vivo,
we used two complementary approaches. Infection with amixed
inoculum of 50% S.Tm harboring pssaG-GFP (S.Tm-G+) and
50% S.Tm harboring an equivalent red-fluorescent reporter
(pZ400; pssaG-mCherry; S.Tm-R+) indicated that most entero-
cytes contained solely G+ or R+ bacteria, whereas a mix of G+
and R+ was very rare (Figures 1E and 1F; < 1% of all invasion
foci). Furthermore, intravital live two-photon imaging detected
growth of S.Tm-G+ in DsRed-expressing enterocytes of trans-
genic mice (Figures 1G and 1H; see Mu¨ller et al., 2012 and
Experimental Procedures for details). Hence, S.Tm microcolo-
nies form by clonal enterocyte invasion and subsequent intracel-
lular replication.
Finally, we addressed the nature of this replicative niche. We
observed that single intraepithelial S.Tm-G+ partitioned into
LAMP-1 negative (Figure 1I, 50%) and LAMP-1 positive (Fig-
ure 1J, 50%, n = 170 foci) cohorts at 12–18 hr p.i., which likely
reflects different maturation stages from early endosome to
Salmonella-containing vacuole (Bakowski et al., 2008). At 18 hr
p.i., the vast majority of intraepithelial microcolonies (>5 S.Tm)
displayed a visible LAMP-1 positive rim (Figure 1K; 95%, n =
72). These observations support that S.Tm replicates predomi-
nantly within a membrane-bound vacuole in the WT mouse
epithelium.
Expulsion of Infected Enterocytes Restricts the
Intraepithelial Replicative Niche of S.Tm
Fluorescence microscopy of cecum tissue-sections was used to
study how the mucosa restricts the intraepithelial S.Tm load dur-
ing early infection. Staining for the epithelial marker EpCAM
confirmed prevalent intraepithelial S.Tm-G+ in the mucosal tis-
sue (Figure S2, left). Importantly, from 8 hr p.i., we observed
S.Tm-G+-harboring EpCAM+ cells in different stages of dislodg-
ing from the mucosa (Figure S2, middle; here denoted expul-
sion). Early expelling cells often harbored an intact nucleus,
whereas at later stages nuclear fragmentation and deterioration
of lumenally located enterocytes was routinely noted (e.g., Fig-
ure S2, right). AtR18 hr p.i., S.Tm-G+ associated with EpCAM+
cell debris was also often observed. These findings are in line
with previous work in the bovine infection model and the mouseer Inc.
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Figure 1. Intraepithelial S.Tm Microcolony
Emergence during Early Infection
(A–K) C57BL/6 WT mice were sm-pretreated, in-
fected orally with 5 3 107 CFU S.Tm-pssaG-GFP
(S.Tm-G+), and killed 6–36 hr p.i.
(A and B) Nr of S.Tm-G+ residing in the epithelium
(A) and lamina propria (B) of n = 5 mice/time point.
(C) Confocal micrographs of cecum tissue S.Tm
microcolonies 12 hr p.i.; S.Tm-G+ (green), nuclei
(blue), actin (red), and ICAM-1 (yellow). Dashed line
indicates enterocyte border.
(D) Size distribution of intraepithelial S.Tm invasion
foci (nR 400 foci/time point).
(E) Confocal micrographs of cecum tissue 12 hr p.i.
after S.Tm-pssaG-GFP (G+; green) + S.Tm-pssaG-
mCherry (R+; red) coinfection; nuclei (gray), actin
(yellow). Arrowheads indicate microcolonies.
(F) Quantification of data illustrated in (E).
(G) Intravital image of a CMV-b-Actin-DsRed (red)
mouse9 hr p.i. withS.Tm-G+ (green); Dashed line
indicates crypt borders, arrow heads S.Tm-G+.
(H) Intravital image series of S.Tm-G+ (white) mi-
crocolony growth.
(I–K) Confocal micrographs of enterocytes
harboring single S.Tm (I and J) or a microcolony
(K); S.Tm-G+ (green), nuclei (gray), actin (red),
LAMP-1 (yellow). Right: magnified channels of
boxed regions. Lu., lumen; L.p., lamina propria.
Scale bars represent 10 mm. Statistical signifi-
cance calculated with Mann-Whitney U-test (n.s.,
not significant; *p < 0.05).
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Intraepithelial NAIP/NLRC4 Restricts S.Tm Loadgallbladder (Knodler et al., 2010; Laughlin et al., 2014), and indi-
cate that expulsion of infected epithelial cells may restrict the in-
traepithelial S.Tm load.
Quantitative analysis showed that S.Tm-G+ levels within
expelled epithelial cells (Figure 2A, black symbols) already at
12 hr p.i. reached comparable levels to those within the
mucosal tissue (Figure 2A, red dashed lines). It follows thatCell Host & Microbe 16, 237–248expulsion of infected epithelial cells ap-
pears sufficiently potent to account for
the observed restriction of the intraepi-
thelial S.Tm load. Moreover, a subpop-
ulation of ‘‘free’’ (i.e., non-cell-associated)
S.Tm-G+ emerged in the lumen with
slightly delayed kinetics, suggesting that
dying epithelial cells release their intracel-
lular bacteria (Figure 2B, escape from
lumenal PMNs may also contribute;
Loetscher et al., 2012).
Finally, we addressed whether epithe-
lial expulsion is attributable to globally
accelerated epithelium turnover, or
shows preference for infected cells. To
this end, we analyzed the frequency of in-
fected EpCAM+ cells (i.e., positive for
S.Tm-G+) in the intact epithelium and in
the expelled gut lumen population at
8 hr p.i. Expelled epithelial cells were
12-fold more likely to harbor intracel-
lular S.Tm-G+ than the correspondingcells in the adjacent tissue (Figure 2C). Control experiments
with a S.Tm strain harboring dual reporters for SPI-1 (pprgH-
GFP; expressed before entry) and SPI-2 (pssaG-mCherry) re-
vealed that some infected enterocytes were expelled even
before the intracellularS.Tm had turned on SPI-2 expression (un-
published data). This may skew the absolute numbers depicted
in Figure 2C. Nonetheless, our results strongly indicate that, August 13, 2014 ª2014 Elsevier Inc. 239
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Figure 2. Restriction of Intraepithelial S.Tm Load by Expulsion of
Infected Enterocytes
(A–C) C57BL/6 mice were infected as in Figure 1.
(A and B) Nr of S.Tm-G+ residing in lumenal EpCAM+ cells (A) or free in the
lumen (B) of n = 5 mice/time point. Dashed red lines indicate corresponding
median S.Tm-G+ loads in the mucosal epithelium (from Figure 1A).
(C) Frequency of EpCAM+ cells harboring S.Tm-G+ in the mucosa and lumen
(example mouse indicated by arrow in A). Ntot > 10000 EpCAM
+ cells; statis-
tical significance calculated with Mann-Whitney U-test (*p < 0.05).
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epithelial S.Tm niche.
NAIPs Restrict Intraepithelial S.Tm Load and Drive
Infected Cell Expulsion
Pathogen recognition by for example, Toll-like receptors and
NLRs can drive both cell-autonomous and tissue-scale host re-
sponses (Newton and Dixit, 2012). We next undertook a mouse
gene ablation approach to identify specific host pathways re-
stricting the intraepithelial S.Tm niche.
The Naip1-6 locus encodes at least four functional proteins
(NAIP1, 2, 5, and 6) capable of sensing flagella or the TTSS appa-
ratus of gram-negative bacteria (Kofoed and Vance, 2011; Raya-
majhi et al., 2013; Yang et al., 2013; Zhao et al., 2011). All NAIPs240 Cell Host & Microbe 16, 237–248, August 13, 2014 ª2014 Elsevias well as a cohort of additional NLRs were expressed in the
cecum tissue of uninfected and S.Tm-infected C57BL/6 mice
(Figure S3A). Recently, a mouse model with two loxP sites flank-
ing the Naip1-6 locus has been developed (Naip1-6fl/fl; K.M.M.,
unpublished data). Crossing Naip1-6fl/fl mice to a CMV-Cre
driver line generated progeny globally lacking all NAIPs (i.e.,
Naip1-6D/D, K.M.M., unpublished data). These mice were exten-
sively intercrossed to generate Naip1-6 fl/D and Naip1-6D/D litter-
mates. At 12–36 hr p.i., we observed successful colonization of
the gut lumen in both groups (Figure 3A). Naip1-6D/D mice dis-
played a delay in tissue pathology (see 12 hr p.i.; Figure 3B).
By 12 hr p.i, proinflammatory gene expression was evident
also in knockout animals (Figure S3B); tissue pathology rose
by 18 hr, and reached wild-type levels at 36 hr p.i. (Figure 3B).
Strikingly, the mucosa of Naip1-6D/Dmice harbored much higher
S.Tm-G+ loads than heterozygous littermate controls (Figures
3C and 3D) or WT mice (Figures 1A and 1B; 18 hr p.i.: 100-
fold higher than WT). The elevated bacterial load in Naip1-6D/D
mice accumulated gradually over the first 18 hr p.i. At later
time points (e.g., 36 hr p.i.), additional undefined mechanism(s)
may partially restrict the bacterial load also in the absence of
NAIPs (Figure 3D). Nevertheless, these data highlight the impor-
tance of the Naip1-6 locus for restriction of early S.Tm infection
of the intestinal mucosa.
Due to the high densities of S.Tm-G+ in Naip1-6D/D mice, indi-
vidual bacteria could not always be unambiguously assigned to
the epithelium or lamina propria compartments. However, high-
magnification confocal imaging revealed that >>95% of all S.Tm
were localized within epithelial cells (Figures 3E and 3F). Thus,
NAIP-dependent respons(es) restrict S.Tm load in the epithelium
during early infection.
Expulsion of infected enterocytes appears to be a predomi-
nant mechanism for restriction of the intraepithelial S.Tm load
(Figure 2 above). Strikingly, whereas Naip1-6 fl/D mice frequently
featured S.Tm-G+ in expelled lumenal EpCAM+ cells at 12 hr p.i.,
such events were essentially absent in Naip1-6D/D animals with
comparable tissue S.Tm load (Figure 3G). The distribution of
S.Tm-G+ between lumenal and tissue-residing EpCAM+ cells
was 1:1 in control mice, but much lower in all Naip1-6D/D ani-
mals at 12 hr p.i. (Figures 3H and S3C). As anticipated from an
extended lifespan of infected cells, the average S.Tm microcol-
ony size at 18 hr p.i. was larger inNaip1-6D/D animals, and the fre-
quency of colonies containing >20 bacteria was higher than that
in Naip1-6fl/D animals (3.5% versus0.2% of all S.Tm invasion
foci; Figure 3I). Hence, NAIPs restrict the pathogen’s intraepithe-
lial niche by a mechanism that includes expulsion of infected
enterocytes from the mucosa. In addition, selective plating of
mesenteric lymph nodes revealed progressive S.Tm accumula-
tion with higher loads in Naip1-6D/D mice (Figure 3J). This hints
that expulsion of infected enterocytes may help limiting path-
ogen spread.
NLRC4, but Not Downstream Interleukin-1 Family
Cytokines, Is Required for Host Control of the
Intraepithelial S.Tm Load
In macrophages, NAIPs link sensing of flagella and TTSS rod
and/or needle proteins to activation of the NLRC4 inflamma-
some, resulting in caspase-1 recruitment, pyroptotic cell death,
and secretion of interleukin-1 (IL-1) family cytokines (Broz ander Inc.
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Figure 3. NAIP-Dependent Restriction of In-
traepithelial S.Tm Load
(A–J) Naip1-6 fl/D and Naip1-6D/D litter mates (n =
5–9 animals/group) were infected as in Figure 1,
and killed 12–36 hr p.i.
(A) S.Tm load in lumenal content.
(B) Histopathology score.
(C) Micrographs of cecum tissue 18 hr p.i.; S.Tm-
G+ (green), actin (red), and ICAM-1 (yellow). Inserts
show magnified GFP channel of boxed regions.
(D) Nr of S.Tm-G+ in cecum tissue. Red arrows
indicate mice depicted in (G).
(E) Confocal micrographs of cecum tissue 18 hr
p.i.; S.Tm-G+ (green), nuclei (gray), actin (red), and
ICAM-1 (yellow). Arrowheads indicate S.Tm-G+
foci.
(F) Micrographs as in (E), but of tissue sectioned
perpendicular to the crypt-villus axis.
(G) Micrographs of cecum tissue 12 hr p.i.; S.Tm-
G+ (green), EpCAM (yellow). Dashed line indicates
epithelial brush border and arrowheads S.Tm in
EpCAM+ cells.
(H) S.Tm-G+ in lumenal versus mucosal EpCAM+
cells at 12 hr p.i. (n = 5 animals/group), expressed
as a ratio.
(I) Size distribution of intraepithelial S.Tm invasion
foci at 18 hr p.i. (n = 429–432 foci per group).
(J) S.Tm load in mesenteric lymph nodes. Lu.,
lumen; Ep., epithelium; L.p., lamina propria. Scale
bars represent 20 mm. Statistical significance
calculated by Mann-Whitney U-test (n.s., not sig-
nificant; *p < 0.05).
Cell Host & Microbe
Intraepithelial NAIP/NLRC4 Restricts S.Tm LoadMonack, 2011). We next sought to address whether deficiencies
in this prototypical pathway would phenocopy the restriction
defect of Naip1-6D/D animals. To this end, we carried out 18 hr
S.Tm infections in a panel of knockout mice and littermate con-
trols (Figure 4). In all cases, colonization of the cecum lumen was
within the expected range, that is, 109 CFUs/g cecum content
(Figure S4A).
Confocal microscopy revealed that Nlrc4/ animals harbored
much higher densities of S.Tm-G+ specifically in epithelial cells
than littermate controls or WT mice (Figures 4A–4C; confirmed
by tissue-plating in Figure S4B). The 50- to 100-fold higher
S.Tm load agreedwell with the corresponding data forNaip1-6D/D
mice (compare Figures 4B and 3D). In contrast, Nlrp3/ andCell Host & Microbe 16, 237–248Nlrp6/ mice featured mucosal S.Tm-G+
loads within the WT range (Figure S4C).
Hence, NLRC4 is specifically required for
restricting epithelial pathogen loads,
whereas other established inflamma-
somes appear dispensable.
Notably, dependence on caspase-1
(-11) did not seem absolute because
S.Tm loads in the mucosa of Casp-1/
11/ animals were not as elevated as in
Naip1-6D/D or Nlrc4/ mice, and the
phenotype more variable between indi-
viduals (Figures 4D–4F). Casp-11/ ani-
mals phenocopiedWTmice (Figure S4C).
Therefore, caspase-1 (not caspase-11)seems to contribute to pathogen restriction in the mucosal
epithelium during early infection.
The NLRC4 inflammasome is activated by flagella and TTSS in
cultured phagocytic cells. Sensing of such general S. Tm ligands
also seems to drive NLRC4-dependent restriction of epithelial
S.Tm loads (Figure S4D). Next we explored the role of two major
consequences of inflammasome activation, that is, triggering of
(pyroptotic) cell death and release of IL-1 family cytokines (Broz
and Monack, 2011; LaRock and Cookson, 2013). To test if
cytokine responses contribute to epithelial S.Tm restriction, we
analyzed IL-1a and -1b (i.e., IL-1ab/) and IL-18 (IL-18/) defi-
cient mice. Both controlled the intraepithelial S.Tm load and
early lymph node colonization equally well as littermate controls, August 13, 2014 ª2014 Elsevier Inc. 241
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Figure 4. Involvement of the NLRC4 Inflammasome in Restricting Intraepithelial S.Tm Load
(A–L) Groups of the indicated knockout mice and +/ (or +/+ mice) littermate controls were infected as in Figure 1 and killed 18 hr p.i. Data are shown for (A–C)
Nlrc4/ (n = 5 animals/group), (D–F) Casp-1/11/ (n = 8 animals/group), (G–I) IL-1ab/ (n = 5–6 animals/group), and (J–L) IL-18/ (n = 5 animals/group).
(A), (D), (G), and (J) show micrographs of cecum tissue 18 hr p.i.: S.Tm-G+ (green), nuclei (blue, only in A), actin (red), and ICAM-1 (yellow). Insets showmagnified
GFP channel of boxed regions. (B), (E), (H), and (K) show the number ofS.Tm-G+ in cecum tissue. Statistical significancewas calculated withMann-Whitney U test
(n.s., not significant; *p < 0.05). (C), (F), (I), and (L) show confocal micrographs of cecum tissue 18 hr p.i.: S.Tm-G+ (green), nuclei (gray), actin (red), and ICAM-1
(yellow). Arrowheads indicate S.Tm-G+ foci. Lu., Lumen; Ep., Epithelium; L.p., lamina propria. All scale bars represent 20 mm.
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Figure 5. NAIP-NLRC4-Dependent Control of the Intraepithelial Replicative Niche
(A–E) Groups of the indicated mice were infected as in Figure 1 and killed 18 hr p.i.
(A) Confocal micrographs of cecum tissue from Naip1-6D/DNlrc4/ double knockout mice and littermate controls; S.Tm-G+ (green), nuclei (gray), actin (red), and
ICAM-1 (yellow). Arrowheads indicate S.Tm-G+ foci. Lu., lumen; Ep., epithelium; L.p., lamina propria. Scale bars represent 20 mm.
(B) Nr of S.Tm-G+ in cecum tissue of mice in (A) (N;R3 distinct locations in three to four mice/group).
(C) Size distribution of intraepithelial S.Tm invasion foci in Nlrc4+/ and Nlrc4/ littermates (n = 432–433 foci/group). Statistical significance calculated with
Mann-Whitney U-test (n.s., not significant; *p < 0.05).
(D and E) Confocal images of Nlrc4/ enterocytes harboring S.Tm microcolonies; S.Tm-G+ (green), nuclei (gray), actin (red), and LAMP-1 (yellow). Right:
magnified channels of boxed regions. Scale bars represent 10 mm.
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striction of the intraepithelial S.Tm load specifically requires
NAIP(s) and NLRC4, involves caspase-1 (not caspase-11), and
can operate independently of signaling mediated by the cyto-
kines IL-1a, IL-1b, and/or IL-18.
A NAIP(s)-NLRC4 Axis Limits the S.Tm Replicative Niche
and Promotes Infected Enterocyte Expulsion
Based on data above, we sought to establish if NAIP(s) and
NLRC4 are indeed elements of a common pathway in the current
response. To this end, we generated double-knockout animals
and found that Naip1-6fl/flNlrc4/, Naip1-6fl/DNlrc4/, and
Naip1-6D/DNlrc4/littermates all developed abnormally high,
but equal, S.Tm-G+ loads (Figures 5A and 5B). Thus, NAIP(s)
and NLRC4 act together to restrict intraepithelial S.Tm.
We set out to further characterize the role of NLRC4 in restri-
cting the intraepithelial niche. By 18 hr p.i., the average S.Tm
microcolony size was markedly increased in Nlrc4/ animals,
and the epithelium featured numerous cells with >20 bacteria
(Figure 5C). Most intraepithelial microcolonies (75% of col-
onies with more than 5 S.Tm, n = 103) were associated with
LAMP-1, suggesting that the pathogen may predominantly
grow in a vacuolar compartment also in enterocytes of Nlrc4/
mice (Figure 5D). Notably, we also observed 25% of microcol-
onies without detectable LAMP-1 staining (Figure 5E). It isCell Hostempting to speculate that this population represents bacterial
escape into the cytosol. Nonetheless, these data corroborate
observations from Naip1-6-deficient animals (Figure 3I), and
establish that a NAIP(s)-NLRC4 axis limits intraepithelial S.Tm
replication.
Finally, we addressed enterocyte expulsion in the NLRC4-
deficient mucosa. Both cleavage of caspase-1, and expulsion
of infected enterocytes at 12 hr p.i. was compromised compared
to control animals (Figures S5A and S5B). This is consistent with
the larger S.Tm microcolony size (Figure 5C) and may hint that
infected enterocytes inNlrc4/mice have an extended lifespan.
To assess potential signs of pyroptosis in expelling epithelial
cells, we established an in vivo assay for fluid marker release,
a hallmark of phagocyte pyroptosis (LaRock and Cookson,
2013). Specifically, we used transgenic C57BL/6 mice that ex-
press cytosolic red fluorescent protein in intestinal epithelial cells
(RFPIEC). At 12 hr p.i., we observedS.Tm-G+microcolonies in the
epithelium and cases of enterocyte expulsion. Strikingly, the RFP
marker intensity was indistinguishable among noninfected enter-
ocytes, infected enterocytes lodged in the tissue, and exiting
S.Tm-G+-containing enterocytes. Reduced RFP intensity was
only observed in enterocytes located well within the lumen.
This suggests that infected enterocytes are first expelled into
the lumen and subsequently undergo plasma membrane disrup-
tion and loss of cytoplasmic content (Figures S5C and S5D).t & Microbe 16, 237–248, August 13, 2014 ª2014 Elsevier Inc. 243
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Figure 6. Evidence for Epithelium-Intrinsic NAIP(s)-NLRC4
(A–G) Groups of the indicated mice were infected as in Figure 1 and killed 18 hr p.i.
(A) Micrographs of cecum tissue from the indicated BM chimeric mice; S.Tm-G+ (green), actin (red), and ICAM-1 (yellow).
(B) Nr of S.Tm-G+ in cecum tissue (nR3 distinct locations in three to four mice/group).
(C) Confocal micrographs of cecum tissue from mice in (A); S.Tm-G+ (green), nuclei (gray), actin (red), and ICAM-1 (yellow).
(D) Micrographs of cecum tissue from the indicated epithelial-specific knockout mice or littermate controls; S.Tm-G+ (green), actin (red), and ICAM-1 (yellow).
(E) Nr of S.Tm-G+ in cecum tissue of mice in (D) (nR3 distinct locations in two to five mice/group).
(F) Confocal micrographs of cecum tissue from mice in (D); S.Tm-G+, nuclei (gray), actin (red), and ICAM-1 (yellow).
(legend continued on next page)
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NAIP(s)-NLRC4 Axis
To directly address in what cell type the identified NAIP(s)-
NLRC4 response axis is required, we used two complementary
approaches. First, we reconstituted Nlrc4/ mice with either
Nlrc4/ or WT bone marrow (BM; R92% reconstitution; Fig-
ure S6). Interestingly, both Nlrc4/(Nlrc4/ BM) and Nlrc4/
(WT BM) animals harbored 50- to 100-fold higher S.Tm-G+
loads than WT mice (Figures 6A and 6B). In all cases, S.Tm
were virtually exclusively located within epithelial cells (Fig-
ure 6C). Thus, NLRC4 in bone-marrow derived cell types is insuf-
ficient to control the intraepithelial S.Tm load.
In a second approach, Naip1-6fl/fl mice were intercrossed
with a villin-cre driver line to obtain epithelial-specific Naip1-6
knockouts and littermate controls. The gut epithelium of
Naip1-6fl/fl and Naip1-6wt/D IEC animals expresses NAIPs,
whereas in Naip1-6D/D IEC mice it does not. At 18 hr p.i.,
Naip1-6D/D IEC mice displayed 100-fold higher intraepithelial
S.Tm load compared to either Naip1-6fl/fl or Naip1-6wt/D IEC lit-
termates (Figures 6D–6F).
In Naip1-6fl/fl mice, the entire locus is removed by Cre activity.
This provided a unique opportunity to assess the enterocyte
contribution to the mucosal Naip transcript pool. Naip1-6fl/fl
mice defined 100% and Naip1-6D/D mice 0% mRNA remaining
in total cecum tissue. Strikingly, epithelium-specific Naip1-6
ablation resulted in a virtually complete loss of Naip1, 2, 5, and
6mRNAs from whole tissue extracts (Naip1–6D/D IEC; Figure 6G),
unveiling the epithelium as the major source of these transcripts.
Hence, multiple lines of evidence support a model whereby an
epithelium-intrinsic inflammasome comprised of NAIP(s),
NLRC4, and involving caspase-1, restricts a pathogen’s intraepi-
thelial replicative niche by a mechanism that includes expulsion
of infected enterocytes from the mucosa.
DISCUSSION
Defense mechanisms protecting the intestinal epithelium against
acute bacterial infection are still incompletely understood. We
analyzed the initial interplay betweenS.Tmand the host’s gutmu-
cosa. Shortly upon S.Tm invasion into enterocytes, the pathogen
starts to proliferate, forming intraepithelial microcolonies with up
to 20 bacteria by 12 hr p.i. The replicative niche is restricted by
an epithelium-intrinsic NAIP(s)-NLRC4 inflammasome response,
which suppresses a further increase in tissue pathogen loads
by driving expulsion of infected enterocytes. This response likely
complements other acute epithelial defenses, for example,
release of antimicrobial peptides (Brandl et al., 2007; Vaishnava
et al., 2011), enhanced mucin secretion (Klose et al., 2013; Song-
het et al., 2011), and recruitment/activation innate immune cells
to limit the infection (Fournier and Parkos, 2012).
Our findings extend previous work on S.Tm-epithelium inter-
actions. In tissue culture,S.Tm grows efficiently in vacuolar com-
partments and in the cytosol of epithelial cells, and infected
epithelial cells can be extruded from monolayers (KnodlerIn (C) and (F), arrowheads indicate S.Tm-G+ foci. Lu., lumen; Ep., epithelium; L.p.,
with Mann-Whitney U-test (n.s., not significant; *p < 0.05).
(G) Naip1, 2, 5, 6,Nlrc4, and CD45 transcript levels in cecum tissue of the indicate
compared to control (Naip1-6fl/fl); bars represent mean ± SD; n.d., not detectabl
Cell Hoset al., 2010; Malik-Kale et al., 2012). Detached, lumenal epithelial
cells lodging S.Tm have been observed in themurine gallbladder
and bovine ileal loop, and bacteria emerging from such cells re-
express flagella and TTSS-1 (Knodler et al., 2010; Laughlin et al.,
2014). This is in keeping with transcriptional profiling of S.Tm in
HeLa cells (Hautefort et al., 2008) and suggests that released
S.Tm are primed for subsequent rounds of reinfection. Our
data support these earlier observations and significantly extend
them, since we (1) identify three distinct phases of the initial path-
ogen-epithelium interaction (fast S.Tm expansion, plateau
phase, and a decline after 18 hr p.i.; Figures 1A and 1B); (2) pro-
vide direct real-time evidence for intraepithelial S.Tm microcol-
ony formation through replication (i.e., not cooperative invasion)
in enterocytes in vivo (Figure 1); (3) show that these microcolo-
nies are associated with a vacuolar LAMP-1 marker (Figure 1I;
(4) reveal that expulsion of pathogen-infected enterocytes is a
major means for restriction of the intraepithelial replicative niche
(Figure 2); (5) unveil the epithelium as the predominant source of
mucosal expression of NAIP1, 2, 5, and 6 (Figure 6G); and (6)
establish an epithelium-intrinsic NAIP(s)-NLRC4 inflammasome
as a central module driving infected cell expulsion to restrict in-
traepithelial pathogen replication and systemic spread (Figures
3, 4, 5, and 6).
Early expulsion of infected enterocytes seems distinct from
global epithelial turnover. First, there is a strong preference for
expulsion of infected enterocytes over noninfected adjacent
cells (Figure 2C). Second, the restriction of intraepithelial S.Tm
load, which is coupled to infected cell expulsion, was observed
also in IL-1ab (IL-1ab/) and IL-18 (IL-18/) deficient mice (Fig-
ure 4), that is, mice deficient in inflammasome-dependent cyto-
kine signaling. The IL-18/ data are particularly telling, because
these mice display a similar delay in mucosal inflammation as
NAIP1-6 and NLRC4-deficient animals (analyzed in detail in
other work; A.A.M., unpublished data). This uncouples early re-
striction of intraepithelial pathogen loads from global tissue
inflammation, and suggests that activation of the NAIP(s)-
NLRC4 inflammasome may have two distinct consequences:
(1) epithelium-intrinsic induction of infected enterocyte ex-
pulsion, and (2) IL-18-dependent elicitation of mucosal inflam-
mation. This second response may contribute to another layer
of epithelium protection at later stages (e.g., by accelerating
epithelial turnover and promoting neutrophil recruitment), which
would explain why intraepithelial microcolonies remain scarce in
the fully inflamedmucosa (see Figure 1D, 36 hr p.i.). Interestingly,
by 36 hr p.i., additional as-yet unspecified responses seem to
kick in and partially restrict tissue pathogen loads in the face of
NAIP(s)-NLRC4 deficiency (e.g., Figure 3D, black symbols).
This indicates that the mucosal defense against S.Tm infection
is indeed remarkably multilayered.
Earlier studies of inflammasomes in S.Tm infection have
focused on the typhoid model (thus excluding pathogen epithe-
lium interactions; Broz et al., 2010; Lara-Tejero et al., 2006; Rau-
pach et al., 2006) or on later stages of the gut infection and/or its
consequences on systemic disease (e.g., Carvalho et al., 2012;lamina propria. Scale bars represent 20 mm. Statistical significance calculated
d mouse lines, normalized for b-actin. All data are expressed as percent mRNA
e.
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identified important contributions for inflammasome activation
to disease progression in vivo, but could not unequivocally
pinpoint which step(s) of the pathogen-host interaction were
causally affected. Our time course experiments indicate that
the NAIP(s)-NLRC4 inflammasome is of central importance
during the first hours of bacterial invasion and growth within en-
terocytes. Notably, caspase-1 deficiency had an intermediate
phenotype. Future work will have to address whether NAIP(s)-
NLRC4 may have additional caspase-1-independent function(s)
in restricting the intraepithelial S.Tm niche. Moreover, NLRP3
appeared dispensable at this initial stage, favoring the notion
that the NLRC4 and NLRP3 inflammasomes serve distinct func-
tions in the mucosal tissue, and/or that previously described
NLRP3-mediated protection against S.Tm (Broz et al., 2010) is
confined to systemic sites.
The contributions of different S.Tm ligand(s) eliciting the
epithelial NAIP(s)-NLRC4 response in vivo remain unidentified.
Our data suggest that this early response can proceed in the
absence of RhoGTPase activating TTSS-1 effectors like SopE,
SopE2, and SopB (Figure S4D). Thus, flagellin and/or the
TTSS-1 needle and rod proteins are most likely relevant (Kofoed
and Vance, 2011; Rayamajhi et al., 2013; Yang et al., 2013; Zhao
et al., 2011). Dissecting their exact contributions will be difficult
because these ligands are all expressed by invading bacteria
and are of key importance for infectivity (Barthel et al., 2003;Hap-
felmeier et al., 2004; Stecher et al., 2004, 2008). Consequently,
elaborate controls will be required to decipher reduced infectivity
from reduced mucosal responsiveness. On the host side,
NAIP5/6 (no flagella recognition) or NAIP1/2 (no TTSS-1 recogni-
tion) deficient micemay help decipher the cardinal elicitors of en-
terocyte expulsion and intraepithelial S.Tm restriction. Addition-
ally, one will have to address how the ligands reach the cytosolic
sensors. Because most S.Tm microcolonies are associated with
LAMP-1, we speculate that TTSS-mediated injection of ligands is
important. However, we cannot exclude that the vacuole be-
comes leaky or ruptures at later stages, thereby exposing ligands
to cytosolic NAIPs. Notably, a fraction of LAMP-1 negative S.Tm
microcolonies was observed in Nlrc4/ mice (Figure 5E),
although the implications of this finding are unclear. Finally, the
exact nature of the infected enterocyte expulsion mechanism
remains to be established, including the question if epithelium-
intrinsic NAIP(s)-NLRC4 can drive expulsion in a cell-autono-
mous fashion, or if other unidentified factors/cell types are
required for downstream execution. Expelling enterocytes still
have an intact plasmamembrane as indicated by the RFP-reten-
tion assay (Figures S5C and S5D). This appears distinct from
macrophage pyroptosis (LaRock and Cookson, 2013), and
argues that caspase-1 activation is at least partially uncoupled
from membrane permeabilization in this case. Clarifying the
ligand/receptor pairs, the resulting inflammasome activation ki-
netics, and the molecular basis for NAIP(s)-NLRC4-driven enter-
ocyte expulsion will be important tasks for future work.
Enterocyte inflammasome activation emerges as an important
aspect of epithelial defense against acute bacterial infection.
Resting enterocytes express NAIP1, 2, 5, and 6; NLRs such as
NLRC4 and NLRP6; as well as caspase-1 and the precursors
for some IL-1 family cytokines (e.g., pro-IL-18), and are therefore
well poised to directly respond to pathogenic insults (Figure 6G;246 Cell Host & Microbe 16, 237–248, August 13, 2014 ª2014 ElseviElinav et al., 2011; Hu et al., 2010; Mu¨ller et al., 2009; Nordlander
et al., 2014). Because numerous microbes and cellular damages
can be detected by such a system (Broz and Monack, 2011), it is
tempting to speculate that defects in inflammasome-driven
removal of compromised enterocytes may not only explain sus-
ceptibility to S.Tm growth within the epithelium, but also the
exquisite susceptibility of NLRC4 and/or caspase-1-deficient
mice to Citrobacter rodentium infection and colonic tumorigen-
esis (Hu et al., 2010; Nordlander et al., 2014). It seems con-
ceivable that inflammasome-driven enterocyte expulsion may
provide a general mechanism protecting the intestinal mucosa.
EXPERIMENTAL PROCEDURES
Salmonella Strains, Plasmids, and Culture Conditions
Salmonella Typhimurium SL1344 (SB300, SmR) was used as WT. pM975
(pssaG-GFPmut2) has been previously used (e.g., Mu¨ller et al., 2012). A
cognate mCherry reporter plasmid, pZ400, was generated by replacing
GFP-mut2 of pM975 with a mCherry ORF. For infections, S.Tm was grown
in LB/0.3M NaCl for 12 hr, subcultured at a 1:20 dilution for 4 hr, and reconsti-
tuted in PBS at pH 7.4.
Mice and Infections
Mice were maintained as specified pathogen free in individually ventilated
cages (RCHCI, ETH, Zu¨rich and Biopoˆle, University of Lausanne). As WT
mice, C57BL/6 mice originating from Charles River (Sulzfeld, Germany) were
used. Mouse lines (all of C57BL/6 background) are described in Table S1.
Genotypes were verified by PCR, and +/+, +/, and / littermates after
backcrossing into C57BL/6 were used for experimentation. For BM chimeras,
C57BL/6 Ly5.1 mice (B6.SJL-Ptprca Pepcb) were used as WT BM donors.
Recipients were irradiated (950 rad), received 5 3 106 donor-BM cells via
tail vein, were kept onBorgal (Veterinaria AG) for 3weeks, and infected 8weeks
after reconstitution. Chimerismwas controlled by flow cytometry as described
(Hapfelmeier et al., 2008). S.Tm infections were performed as previously
described (Barthel et al., 2003). Briefly, 7- to 12-week-old mice were deprived
of food and water for 4 hr and then treated with 25 mg streptomycin sulfate
(Applichem) by gavage. Mice were again deprived of food and water 24 hr later
and received 5 3 107 CFUs S.Tm by gavage. Bacterial loads in lumenal con-
tent and organs were monitored by plating homogenized samples on
MacConkey agar (Oxoid) with 50 mg/ml streptomycin. Plating of cecum tissue
was done after 30 min incubation in PBS/400 mg/ml gentamycin and six
washes in excess PBS. Experiments were approved by the Kantonales
Veterina¨ramt Zu¨rich (licenses 223/2010 and 222/2013).
Histopathology
Cecum tissue was frozen in optimum cutting temperature medium, and 5 mm
cross-sections were air-dried and stained with hematoxylin and eosin. Histo-
pathology was addressed blindly as described (Barthel et al., 2003), evaluating
submucosal edema, polymorphonuclear leukocyte infiltration, goblet cell
numbers, and epithelial damage, resulting in total scores of 0 (uninflamed) to
13 (maximally inflamed).
Confocal Microscopy
Cecum tissue was fixed in 4% paraformaldehyde/4% sucrose, saturated in
PBS/20% sucrose, embedded in optimum cutting temperature medium
(Tissue-Tek), flash-frozen in liquid nitrogen, and stored at80C; 5–20 mmcry-
osections were air-dried, rehydrated with PBS, permeabilized (PBS/0.5%
Triton X-100), and blocked (PBS/10%Normal Goat Serum). Antibody stainings
included a-ICAM-1/CD54 (clone 3E2, Becton Dickinson), a-EpCAM/CD326
(G8.8, Biolegend), a-LAMP-1 (Molecular Probes), a-S.Tm LPS (O-antigen
group B factor 4-5, Difco), appropriate secondary reagents, AlexaFluor647-
conjugated phalloidin (Molecular Probes), and DAPI (Sigma Aldrich). Samples
were mounted with Mowiol (Calbiochem). A Zeiss Axiovert 200 m microscope
with 103–1003 objectives, a spinning disc confocal laser unit (Visitron), and
two Evolve 512 EMCCD cameras (Photometrics) were used for imaging. Post-
capture processing and analysis used the Visiview (Visitron) and Image J364.er Inc.
Cell Host & Microbe
Intraepithelial NAIP/NLRC4 Restricts S.Tm LoadFor quantification of S.Tm in whole tissue, epithelium, and/or lamina propria,
20 mm cross-sections were stained for ICAM-1, phalloidin, and DAPI, imaged
at 4003–1,0003, and intracellular S.Tm-G+ was manually enumerated blindly
in six to nine nonconsecutive sections/mouse. All data represent averages/
section.
Intravital Two-Photon Microscopy
Intravital microscopy was performed as previously described (Mu¨ller et al.,
2012), with modifications. Briefly, mice were anesthetized, intubated, and
respired with oxygen containing 1.8%–1.9% isoflurane. The cecum was
exposed and submerged in ringer/lactate solution containing 10 mg/ml atro-
pine sulfate. Imaging used a Leica SP8 DMI6000B microscope equipped
with HCX IRAPO L 253/0.95 and HCPL IRAPO 403/1.10 water immersion ob-
jectives, filters for GFP (525/50) and RFP (585/40) emission, and nondes-
canned Leica HyD detectors. For excitation, we used a two-photon MaiTai
XF Laser (Spectra-Physics) pulsed at 80 MHz with pulse width <80 fs tuned
to 920 nm. Hardware steering and data analysis used the Leica application
suite 3.2.1.9702 at ScopeM.SUPPLEMENTAL INFORMATION
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